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ABSTRACT
The brevinin-1 family peptides obtained from different frog skins have great potency against bacterial and fungal infections.
Their biological activities are significantly affected by mutations especially at positions 11 and 14. However, despite having great
medicinal potential, the detailed information regarding their three-dimensional structures is still not fully known. In the present
study, the conformational profiles of two brevinin peptides (Brevinin 1-Ya and Brevinin 1-Yb) were explored at molecular me-
chanics level using molecular dynamics (MD) method. Specifically, four MD simulations (Brev1_Ya(E), Brev1_Yb(E), Brev1_Ya(H),
Brev1_Yb(H)) were performed starting from extended as well as helical conformations of both peptides under implicit solvent
conditions. The analysis of the results indicated that both peptides have a strong tendency to attain -helical character, preferably
from their central residues extending towards their C-terminals12–23, whereas their N-terminal residues stay either in -turn or
extended forms. However, the extent of helicity was comparatively lower in Brevinin 1-Ya, irrespective of its starting structure in
the simulations, and like other factors such as cationicity and hydrophobicity, could be related to the biological activity profiles of
these peptides.
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1. Introduction
The precise characterization of peptides is an essential condition
especially when the peptides under investigations are biologi-
cally and medicinally significant and could play very important
role in the design of novel potent peptidomimetics with lesser
side effects. Cationic antimicrobial peptides (CAMPs) belong to
this category of peptides with impressive broad-spectrum
anti-fungal and antibacterial activities.1,2 Their remarkable cell-
penetrating ability accounts for their cytolytic action in the
mammalian cells. Thus far, these peptides have been found to
exhibit very little or no resistance effects,3–5 making them excel-
lent targets for the development of new potent anti-microbial
and anti-cancer agents.
Despite having great medicinal significance, the exact mecha-
nism responsible for the antimicrobial action of CAMPS is not
clearly understood. The mostly accepted mode of action of
CAMPs involves the increased membrane permeability after
their interactions with them leading to the leakage of cytoplasmic
components and ultimate death of cells.6–9 The positively charged
ends of the CAMPs are primarily responsible for their strong
interactions and bindings with the negatively charged bacterial
membranes. Several studies have suggested that the increased
positive charge on the peptide increases its anti-microbial action
by promoting its interaction with the negatively charged bacterial
membrane.10 Other factors that are considered equally impor-
tant for the antimicrobial activity of CAMPS include peptide
hydrophobicity3,11 and their amphipathic nature that segregates
basic and hydrophobic residues12–13. Several reports have indi-
cated the role of peptide self-association in their anti-microbial
activity under the influence of membrane although no such
effect was observed in the aqueous environment.12,14
Amphibians are important source of a variety of CAMPs
including aureins, brevinins, maculatins and magainins.15 They
are secreted by amphibian skin along with several other defen-
sive organic compounds consisting of amines and alkaloids
when these animals are exposed to the external stimuli.16 The
brevinin-1 family peptides, consisting mostly of 24 amino acid
(AA) residues, are isolated from the skin secretions of the leopard
frogs Lithobates blairi and the Lithobates yavapaiensis, and have
shown greater potency against Gram-positive bacteria.15,17 More-
over, these peptides exhibit cytolytic activity against HepG2
human hepatoma-derived cells although their anti-cancer
potential has been limited by their activity against human eryth-
rocytes. With regard to the structure–activity relationship (SAR)
of the brevinin family peptides, it has been observed that
replacement of Lysine AA residue at position 11 (Brevinin-1Yb)
with Asparagine (Brevinin-1Ya) decreases its anti-microbial
activity two fold.17 The haemolytic activity of Brevinin-1Yb also
decreases to a certain extent by substituting Lys11 with Asn11.
Similarly, the antibacterial activity of Brevinin-1Yc reduces
significantly when the proline at position 14 is replaced with
glutamic acid.17 In spite of possessing great medicinal signifi-
cance, the three-dimensional (3D) structures of most of the pep-
tides of the brevinin family are not fully known on the basis of
available spectroscopic evidences. The circular dichroism (CD)
experiments conducted on peptide Brevinin-1Ye (obtained from
frog Rana esculenta) indicated the role of sodium dodecyl sulfate
(SDS) concentration in the helical content of the peptide.18 In the
absence of SDS the peptide did not exhibit any characteristic
secondary structure feature. However, no specific information
regarding the residues participating in the helicity could be
ascertained from these studies.
Nowadays, X-ray and nuclear magnetic resonance (NMR) are
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the most popular experimental techniques used for the structure
determination of peptides and other biological molecules. How-
ever, the complications associated with synthesis, isolation or
crystallization of several peptides sometimes limit the use of
these spectroscopic techniques in the characterization process.
Moreover, the greater flexibility of the peptides in solution also
make these techniques inefficient to furnish all the structural
details necessary to fully understand the conformational profile
of these molecules. The available computational methodologies,
on other hand, have recently been proven quite useful to over-
come these problems, and are extensively used to understand
the conformational propensities of several biologically active
peptides and proteins.
In the present study, molecular dynamics (MD) simulations
have been performed on two 24 AA residue peptides, Brevinin-
1Ya (Fig. 1) and Brevinin-1Yb (Fig. 1).
The primary goal of this work was to get a deeper understand-
ing of the 3D structural features of these peptides. Accordingly,
two MD simulations, Brev1_Ya(E) and Brev1_Yb (E),were initially
carried out for 200 ns with their extended conformations as
starting structures under implicit solvent conditions. The results
obtained from these simulations were further compared with
two additional simulations, Brev1_Ya(H) and Brev1_Yb(H)
performed using the helical conformations of both peptides
under similar conditions as used for the extended ones. The
analysis of all trajectories was performed using the CLASICO
program19 and different scripts embedded in the AMBER 9
program20.
2. Computational Methodology
All MD simulations were performed within the framework of
molecular mechanics, using the all-atom parm99SB force field
parameters from AMBER 9. 020. Both the extended and ~-helical
conformations of the studied peptides were prepared using the
tleap module of AMBER 9. Before performing simulations, the
initial structures of all peptides were geometrically minimized in
AMBER 9 using 1000 steps of steepest gradient, followed by a
subsequent minimization using the conjugate gradient algo-
rithm until a convergence of the gradient norm was lower than
0. 001 kcal mol–1 Å–1. Subsequently, the minimized structures
were heated for 100 ps by gradually increasing the temperature
from 0 to 300 K. MD trajectories were conducted using the
Onufriev, Bashford and Case (OBC) implicit water model21
based on the generalized Born (GB) approximation at constant
temperature (300 K) using the Langevin algorithm22 as tempera-
ture regulator. The selection of GB-OBC model in combination
with FF99SB was based on its capability to accurately reproduce
experimental results along with its faster sampling efficiency in
the absence of solvent molecules with minimum computation
power and time23–25. The simulations were performed without
any cut-off. The SHAKE algorithm26 was used to constrain the
bonds involving hydrogen atoms, and an integration time-step
of 2 fs was employed. The internal dielectric constant for the
peptide was set to 1, while an external dielectric constant of 80
corresponding to water was employed. The conformations sam-
pled in the MD simulations were clustered using the Kleiweg’s
hierarchical clustering method27 to obtain further insight into
the structural classification based on the secondary structures, as
implemented in the CLASICO program.19
3. Results and Discussion
The structural fluctuations in the conformations of all trajecto-
ries were roughly monitored by plotting their root mean square
deviation (RMSD) relative to the initial structures considering
the backbone as well as all atoms, and are pictorially represented
in Fig. 2a and Fig. 2b, respectively. As expected, both peptides
(Brev1_Ya and Brev1_Yb) experienced larger oscillations in the
trajectories starting from extended conformations than the
helical ones.
The average fluctuations around 19Å and 22Å in the
Brev1_Ya(E) and Brev1_Yb(E) trajectories (Fig. 2a), respectively,
clearly indicated that both peptides were sufficiently folded
after few nanoseconds of the simulations, and were probably in
a rapid equilibrium between the folded and unfolded structures
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Figure 1 Single letter codes for the amino acid sequences of the Brevin1_Ya and Brev1_Yb peptides. The non-conserved residues are shown in blocks.
Figure 2 Root mean square deviation (in Å) of the sampled conforma-
tions in different simulations relative to their starting structures consid-
ering their backbone atoms (a) and all atoms (b).
during the whole sampling process. The considerable RMSDs
(~8Å, Fig. 2a) observed in the trajectories Brev1_Ya(H) and
Brev1_Yb(H), on other hand, suggested the significant loss of
helicity in the sampled structures of both the peptides. The
RMSD in case of all atoms (Fig. 2b) was slightly higher than the
backbone atoms (Fig. 2a) indicating larger movements in the
side chains of peptide during the simulation process in each
trajectory. Also, the fluctuations in the atoms of Brev1_Yb were
slightly higher than Brev1_Ya irrespective of the starting struc-
tures used (Fig. 2a,b). The RMSD of each simulation was further
calculated considering ~-helical conformation as a starting struc-
ture (Fig. S(A) in online supplement). Again, the RMSD fluctua-
tions in the simulations starting from extended conformations
were slightly higher than those starting from ~-helical ones.
However, the average RMSD fluctuation of each simulation
around 10 Å after 100 ns suggested their convergence to compa-
rable folded structures.
Considering a large conformational variety in each simulation,
it was thought worthwhile to group the sampled conformations
into different clusters based on their structural similarity. For this
purpose, the cluster analysis was performed on each
MD trajectory using Kleiweg clustering algorithm.27 The 5000
conformations from each trajectory were chosen as representa-
tive structures (RS) by considering each snapshot at the interval
of 40 ps. The dendrograms generated for simulations Brev1_Ya(E)
and Brev1_Yb(E) are pictorially depicted in Figs 3a and 4a, respec-
tively, while those for Brev1_Ya(H) and Brev1_Yb(H) are provided
in the supplementary data (Figs S(B), S(D), respectively). The
detailed results of cluster analysis are summarized in Table 1. A
line drawn horizontally across the dendrogram enables us to
identify the number and corresponding members of each of
clusters at any particular stage. In the present cluster analysis,
four major clusters have been identified (shown in different
colours) irrespective of the simulation performed. A careful in-
spection of Table 1 revealed C1 as the most predominant cluster
in both Brev1_Ya(E) and Brev1_Yb(E) simulations containing 80%
and 75% of the total structures, respectively. The second most
populated cluster (C2, C4 in Brev1_Ya(E) and C3 in Brev1_Yb(E))
acquired 8% and 18% structures respectively.
The remaining clusters in both simulations (Brev1_Ya(E) and
Brev1_Yb(E) contained lower percentages (less than 6%, Table 1)
of the conformations. Although, the clusters C3 (66%) and C4
(60%) were predominant (Table 1) in Brev1_Ya(H) and
Brev1_Yb(H), respectively, C2 and C1 also contributed 19% and
25% structures to their individual trajectories, respectively.
In order to get a clearer picture of the distribution of structures
in each cluster, the evolution of four clusters in each simulation
was plotted against the selected RS. Figs 3b and 4b represent this
analysis for simulations Brev1_Ya(E) and Brev1_Yb(E), respec-
tively, while those corresponding to simulations Brev1_Ya(H)
(Fig. S(C)) and Brev1_Yb(H) (Fig. S(E)) are provided in the supple-
mentary data.
It is clear from Figs 3b and 4b that clusters C1 in both
Brev1_Ya(E) and Brev1_Yb(E) start acquiring structures immedi-
ately after the initiation of the simulations and keep adding them
throughout the progress of the trajectories. Other clusters (C2,
C3, C4, Figs 3b, 4b), on the other hand, acquire the conforma-
tions randomly and preferably between segments 3000 and 4500
of their respective simulations. Similarly, the major clusters C3
(Fig. S(C)) and C4 (Fig. S(E)) of Brev1_Ya(H) and Brev1_Yb(H),
respectively, start growing from the beginning of the simula-
tions and keep enriching with the new conformations through-
out the sampling process. Other small clusters in both simula-
tions again acquire new conformations in an irregular fashion in
different regions of the simulations as depicted in Figs S(C) and
S(E) in the online supplement.
Since the main objective of cluster analysis was to get a better
understanding of the structural motifs of both Brev1 peptides,
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Figure 3 Dendrogram showing different clusters (a) and the incidence of 4 clusters across the representative structures, for simulation Brev1_Ya(E) (b).
further conformational analysis was focused only on the largest
clusters of each trajectory. Accordingly, a qualitative analysis of
the secondary motifs was performed on the conformations
of each largest cluster using the CLASICO program19. This
computer program translates each snapshot into a string of
letters and subsequently computes for each residue its back-
bone torsion angles, and assigns a letter28 to it following the
Zimmerman partition29 of the Ramachandran map. Thereafter,
using certain rules and a three-letter window code, the secondary
motif is assigned to each residue of the peptide. Histograms
showing statistics of the secondary motifs per residue for
each major cluster are shown in Fig. 5a–d. Specifically, the
conformational motifs adopted by cluster 1 in Brev1_Ya(E) shows
the predominance of Ä-turns in their residues (Fig. 5a). Some
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Table 1 The results of cluster analysis for four major clusters identified in each simulation.
Simulation Cluster number Number of % of structures RS number in Secondary structure present
structures cluster
Brev1_Ya(E) C1 4014 80 3200 ~-helical (15–20), Ä-turn(2–5, 16–19), RT (, 3–8, 3–9, 1–23)
C2 414 8 2888 Ä-turn (4–7, 20–23, 21–24)
C3 171 3 4960 ~-helical (21–23), RT (2–9, 3–8, 4–7)
C4 401 8 4711 Ä-turn (20–23), Ö-turn(20–22)
Brev1_Yb(E) C1 3768 75 3021 ~-helical (10–17, 20–24), Ä-turn(10–13, 11–14, 15–18, 20–23)
loop (11–5),
C2 234 5 1940 Ä-turn (6–9, 20–23), Ö-turn (20–22)
C3 886 18 63 ~-helical (18–24), Ä-turn(11–14)
C4 112 2 4926 Ä-turn(19–22, 20–23, 22–24), Loop (1–12)
Brev1_Ya(H) C1 37 1 4463 Distorted ~-helical (13–17) basis on h-bonds
C2 957 19 2856 ~-helical (14–23)
C3 3294 66 4206 ~-helical (14–23), Ä-turn (13–16)
C4 712 14 3500 ~-helical (3–6, 17–24)
Brev1_Yb(H) C1 1256 25 1203 ~-helical (10–15)
C2 523 11 3834 ~-helical (3–5, 10–17)
C3 246 5 1974 ~-helical (21–23), Ä-hairpin (4–19, 5–20, 6–18)
C4 2975 60 4515 ~-helical (10–21), Ä-turn (6–9, 7–10)
Figure 4 Dendrogram showing different clusters (a) and the incidence of four clusters across the representative structures, for simulation
Brev1_Yb(E) (b).
structures also exhibited a characteristic ~-helical region flanked
by residues 12–23 with a higher propensity between residues 16
and 19 (25–30%). To some extent Ä-strands (3–9, 12–17) and 310-
helices (9–16, 19–23) were also observed in this cluster (Fig. 5a).
Although, the ~-helical profile exhibited by cluster 1 in
Brev1_Yb(E) was quite similar to that of Brev1_Ya(E), the extent of
helicity was quite high in the former especially between residues
12 and 21) as depicted in Fig. 5b. Moreover, the Ä-strands and
310-helices, although in lower percentages, were also adopted by
some central residues of this peptide (Fig. 5b). In Brev1_Ya(H),
cluster 3 acquired ~-helical character almost in all residues (2–23)
with a strong propensity between residues 14 and 23 and a lower
propensity between residues 2 and 13 (Fig. 5c). The remaining
structures of this cluster adopted predominantly Ä-turns.
Cluster 4 of Brev1_Yb(H) also exhibited an ~-helical region
supported by residues 2–23 with a strong propensity between
residues 11 and 23 (Fig. 5d). Interestingly, the extent of
310-helicity was comparatively higher in the simulations starting
from the ~-helical structures (Fig. 5a–d), and was predomi-
nantly supported by residues 9–18. Based on secondary struc-
ture analysis, it is believed that both peptides have a strong
tendency to adopt ~-helicity in their structures preferably from
their central region expanding towards the C-terminal end.
Moreover, the ~-helical content was comparatively higher in
Brev1_Yb than the Brev1_Ya in each simulation, especially in the
proximity of its key residue (Lys11), reported to play a significant
role in the activity profile of these peptides. The presence of
some ~-helical content (N-terminal residues) in simulations
starting from helical conformations (Brev1_Ya(H) and Brev1_
Yb(H)) probably indicates the inherent tendency of such peptides
to stay in helical form, suggesting the requirement of longer
MD simulations or more efficient sampling techniques for these
peptides to adopt their accurate native structures. However, the
higher percentage of extended conformations in most of the
sampled conformations in each simulation further suggested
the lower conformational energy barrier between the folded and
unfolded structures.
The RS of cluster 1 in Brev1_Ya(E) and Brev1_Yb(E), are diagram-
matically represented in the Figs 6a and 6c, respectively. A visual
inspection of Fig. 6a revealed a well defined ~-helical region
between residues 15 and 20. In addition, two Ä-turns between
residues 2–5 and 16–19, and three reverse turns (RT) between
residues 3–8, 3–9, and 1–23, were also characterized in this RS on
the basis of intramolecular hydrogen bonds (Fig. 6b). The RS of
cluster 1 in Brev1_Yb(E) adopted a well defined ~-helical region
between residues 20 and 24 (Fig. 6c). Another distorted ~-helical
region between residues 10 and 17 was supported by intra-
molecular hydrogen bonds between residues 10–14, 10–13,
and 11–14 (Fig. 6d). A characteristic loop between residues 11
and 5 and two additional Ä-turns between residues 15–18
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Figure 5 The secondary structure motifs attained by different residues of conformations in the simulations Brev1_Ya(E) (a), Brev1_Yb(E) (b),
Brev1_Ya(H) (c) and Brev1_Yb(H) (d). Conformational motifs are labelled: B (Ä-turn), H (~-helical), 310 (310-~-helix), EXT (extended) and S (Ä-strand).
and 20–23 were also observed in the same RS (Fig. 6d).
The RS of major clusters in simulations Brev1_Ya(E) and
Brev1_Yb(E) exhibited more extended ~-helical regions flanked
by residues 14–23 (Fig. 7a) and 10–21 (Fig. 7b), respectively.
The RS of remaining clusters of all simulations are provided in
the supplementary section while there secondary features are
summarized in Table 1.
The observed ~-helical propensities of the structures in the
major clusters were further substantiated with an additional
hydrogen bond analysis. Figs S(F–I) represents the formation/
destruction of the H-bonds across the selected RS of the largest
clusters in simulations Brev1_Ya(E), Brev1_Yb(E), Brev1_Ya(H) and
Brev1_Yb(H), respectively while the different results such as type
of interactions, the percentage existence and the secondary
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Figure 6 Representative structures (RS) of cluster 1 (cartoon form) in the simulations Brev1_Ya(E) (a) and Brev1_Yb(E) (c), while the same structures
with hydrogen bonding (backbone atoms in ribbon form and hydrogen bonds in yellow) are shown in (b) and (d).
Figure 7 Representative structures (RS) of cluster 3 and cluster 4 in the simulations Brev1_Ya(H) (a) and Brev1_Yb(H) (b), respectively.
features are listed in Table S1 (in online supplement). The
hydrogen bonds showing percentage existence more than 1%
are only considered. The geometrical criterion used involves the
donor (A)-acceptor (B) distance <3.0 Å (sum of Van der Waals
radii) and the angle AHB 120°, where A is donor (i.e. N-H) and
B the acceptor (i.e. O=C). A closer inspection of Fig. S(F)
revealed that the conformations of Brev1_Ya in cluster 1
adopted ~-helicity between its central and the C-terminus resi-
dues although disrupted by some intervening residues. The
extent of ~-helicity was lower in the C-terminal residues, and
was predominant in the central residues 14–19 (H-bond no. 5–6)
of structures falling between the numbers 20 and 1300 and 3300
and 3800. The percentage of ~-helicity was comparatively higher
in the Brev1_Yb conformations (between 1500 and 3900) show-
ing its predominance between residues 12 and 19 (H-bond
nos 3–6) as depicted in Fig. S(G). The hydrogen bond supported
by residues 19–23 (H-bond 10, Fig. S(G)) was mostly acquired
by structures in the range between 10 and 1500. Although, the
~-helical propensities exhibited by the Brev1_Ya and Brev1_Yb
were quite similar in the simulations starting from the helical
conformations (Figs S(H–I)), the percentage of helicity was
again greater in Brev1_Yb(H), particularly between residues 12
and 20 (Table S1). The ~-helical region between residues 10 and
24 was randomly adopted by most the conformations through-
out the progress of the simulation (Figs S(H–I)). Interestingly, no
hydrogen bond between residues 11 and 15 was observed in the
major clusters of any simulations (Figs S(F–I)). Another common
feature observed in these simulations was the lower content of
helicity in the C-terminal residues than the central ones, and was
in accordance with the results obtained from the secondary
structure analysis as shown in Figs 5a–d.
Finally, keeping in view the significance of residue 11 in the
biological activity of these peptides, the conformational behav-
iour of this AA was monitored by plotting its dihedral angles
(Phi11/Psi11) as a function of time in all simulations, and is picto-
rially represented in Fig. 8a–d. A similarity in the conformational
preferences was observed within the simulations of the same
peptide irrespective of the initial structure used. Fig. 8a indicates
that Asn11 in Brev1_Ya(E) exhibited significant fluctuations (–180
to 180) in its Phi angle (C-N-C~-C), while its Psi angle
(N-C~-C-N) remains relatively fixed (–100), adopting the Ä-sheet
conformation. The transformation of initial right-handed ~-heli-
cal (~R) configuration of Asn
11 into Ä-sheet after ~20 ns of
Brev1_Ya(H) (Fig. 8c) also further supported its stability in this
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Figure 8 Backbone torsion angles (Phi/Psi) for the 11th residues of peptides Brev1_Ya and Brev1_Yb in simulations Brev1_Ya(E) (a),Brev1_Yb(E) (b),
Brev1_Ya(H) (c) and Brev1_Yb(H) (d).
form. The initial conformation of Lys11 residue in Brev1_Yb, on
other hand, remains relatively fixed (Phi11 = –10 and Psi11 =
–95) in its both trajectories (Fig. 8b,d) suggesting ~R as its
preferred conformation. Hence, it is believed that the substitu-
tion of Lys11 in Brev1_Yb with Asn11 probably decreases the
helical tendencies of this peptide, and seems to be one of the con-
tributing factors for its decreased activity after the substitution.
The strong ~-helical favouring nature of Lysine over Asparagine
residue30 also supports the higher ~-helical propensities of
Brev-1Yb observed over its structural analogue Brev-1Ya. The
relationship between activity and ~-helicity of peptides consid-
ered in the present study, was based on reported articles where
increased biological activity of the peptides was found to be
proportional to their ~-helical content. For instance, the anti-
freeze activity of winter flounder increases significantly with the
helical content in its structure.31 Similarly, the increased inhibit-
ing tendency of T-1249 relative to that of T-20 (anti-HIV drug) is
believed to be related to its higher ~-helical content.32
4. Conclusions
Considering the great medicinal and biological significance of
brevinin 1 family peptides, four MD simulations were performed
on two brevinin 1 peptides (Brev1_Ya and Brev1_Yb) aimed at
understanding the conformational preferences of these peptides.
Analysis of the results indicated that both peptides attain a well
defined ~-helical region flanked by their central and C-terminal
residues (although in different percentages) in all simulations.
However, the extent of helicity was lower in Brev1_Ya than
Brev1_Yb in all simulations irrespective of the starting geometry
used, and could be playing some role in the decreased biological
activity of this peptide after substitution of Lys11 with Asn11. The
substantial transformation of ~-helical configuration of Asn11
into Ä-sheet in simulation Brev1_Ya(H), and its retention in
Brev1_Ya(E) also supported the observed lower helical propensities
of Brev1_Ya, and its some role in their biological activity profiles.
It is worthwhile mentioning that the folded structures sampled
in all trajectories were not stable enough, and were in a rapid
equilibrium with the unfolded/extended conformations through-
out the simulation process suggesting a low conformational
energy barrier between them. The observed structural propensi-
ties of brevinin 1 peptides in the present study would definitely
increase our understanding about their bioactive conformations
and activity profiles, and could open channels for the design of
new peptidomimetics with similar or better biological functions.
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